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Introduction
Since the Human Genome Project was completed in 2003, the subject of bioscience has shifted to the next step of genomics, called "the post-genomic era", which attempts to explain biological phenomena by using genomic information. Among the many research fields of the post-genomic era, proteomics, which is the study of proteins synthesized based on genomic information, has drawn much concern because proteins play a central role in life activity. Proteome analysis has been greatly facilitated by the development of protein and peptide sequence databases by means of genomic analysis. In other words, it has become easier to identify proteins via the determination of peptide mass or peptide sequence by using electrospray ionization mass spectrometry (ESI-MS) or matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS). 1 However, the answers to many biological questions require not only identification, but also quantification of the proteins in a cell or tissue; therefore, the quantification of proteins remains a major challenge in modern proteomics.
For protein quantification, various methods are already established. For example, the UV absorbance of aromatic amino acids at 280 nm, colorimetry methods such as the Bradford and Lowry assays, the bicinchoninic acid method, and gel staining with Coomassie Brilliant Blue R-250 or silver are well established and used for the quantification of crude proteins. [2] [3] [4] [5] [6] [7] These are simple methods that are appropriate for many samples; however, they can have problems, such as fluctuations of the absorption depending on the protein and the presence of interfering substances.
In addition to the above-mentioned methods, antigen-antibody reactions and mass spectrometry are used for protein quantification. The antigen-antibody reaction approach is based on the formation of an immune complex via the specific binding of an antibody to an antigen. Many methods have been developed that involve competitive or non-competitive binding with a labeled substance, such as the radioimmunoassay, immunoradiometric assay, and enzyme-linked immunosorbent assay. Although these are highly specific methods, they are often time-consuming, and they always require an appropriate antibody. In other words, it is impossible to apply these methods to an unknown protein. With mass spectrometry, there can be many problems for quantification: proteins may not be completely tryptically digested, the ionization efficiencies of ESI-MS can fluctuate depending on the matrices and peptides, and the intensities of MALDI-MS signals can fluctuate depending on the area irradiated by the laser. Quantification of the relative abundances of peptides or proteins by using mass spectrometry can be achieved through the use of chemical labeling methods involving the derivatization of selected amino acid residues with isotopically ( 2 H, 13 C, 15 N, 18 O) modified reagents, such as ICAT (isotope-coded affinity tag),not require protein standards or specific reagents are needed.
Despite remarkable methodological and instrumental developments, especially within the field of mass spectrometry, the quantification of biomolecules is still not straightforward. ICPMS, which is an element-specific detection method, does not provide any structural information about analyte molecules, because they are introduced into a high-temperature ion source and are broken down into atoms that are then ionized. In the case of HPLC-ICPMS, species are identified by comparing their retention times with those of standards. However, a key advance of ICPMS is a general detection method that allows species non-specific element selective quantification because ICPMS can generate singly charged ions effectively, and the responses are virtually compound-and matrix-independent. From the viewpoint of atomic mass spectrometry, ICPMS has been used to quantify metal proteins such as metallothionein and selenoproteins. [11] [12] [13] [14] [15] [16] In addition to metallic and metalloid elements, non-metal elements, such as sulfur (S) and phosphorus (P), are considered to be important for protein quantification. In particular, S is a key element for protein and peptide quantification because most proteins contain 2 S-containing amino acids, cysteine and methionine; cysteine is present in 96.6% of human proteins, and methionine is present in 98.8%. 17 As reported previously, it is easy to quantify a peptide if we know how many S atoms are contained in that peptide or protein. [18] [19] [20] But in the case of an unknown protein or peptide, it is impossible to determine how many S atoms are contained in a peptide by using ICPMS alone. As long as trypsin cleaves every arginine and lysine residue equally, the S concentration in a peptide should correlate with the number of S atoms contained in that peptide. Also, it is considered that the ratio of the S concentration/peptide concentration becomes an integral ratio that reflects the number of S atoms in the peptide. Also, to quantify the protein concentration from peptides, it is necessary to determine the efficiency of tryptic digestion.
Determining the S concentration by using ICPMS is problematic because of spectral interference from major isotopes, such as oxygen ions ( S. Therefore, S isotopes have been measured with high-resolution ICPMS, and more recently with reaction/collision cell ICPMS using Xe and O2. Polyatomic ions formed in plasma were suppressed by the addition of Xe into a collision cell. The first ionization potential of Xe (12.130 eV) is smaller than that of O (13.617 eV). Therefore, the charge of O is transferred to Xe, and the spectral interference decreases due to the prevention of oxygen ionization. Oxygen gas is used as a reaction gas for the generation of oxide ions, especially for multi-element analysis. Due to the generation of oxidized ions, it is possible to generate a mass shift of plus 16, allowing for the detection of S at 48, which offers less interference than a mass of 32.
Another recent trend in analytical chemistry is the miniaturization of liquid separation techniques because it offers advantages, such as a high separation efficiency, the ability to introduce small amounts of sample, and low consumption of the solvent. Nano HPLC using 75 μm i.d. columns with eluent flow rates of between 200 and 400 nL min -1 has become a key technique for high-efficiency separations of complex mixtures.
In this study, we quantified peptides in a small amount of sample via S quantification using a nano HPLC-ICPMS system equipped with an octapole reaction cell (ORC) and Xe or O2 gas. By using this method of peptide quantification, and taking into account the tryptic digestion efficiency, we were able to quantify human serum albumin in a test sample.
Experimental

Reagents
Standard solutions of S (10000 mg L -1 , SPEX, Metuchen, NJ) and Ba (1000 mg L -1 , Kanto Chemical Co., Inc., Tokyo, Japan) were diluted and used for the optimization of the O2 and Xe gas flow rates. The S standard was also used for S calibration. Three commercially available peptide standards (vasopressin, oxytocin, and amyloid β (human, 25 - N,N′-methylenebisacrylamide (electrophoresis grade, Nacalai Tesque, Inc., Kyoto, Japan), tris(hydroxymethyl)aminomethane (Sigma-Aldrich, Tokyo, Japan), ammonium persulfate (electrophoresis grade, Nacalai Tesque, Inc.), glycerol (99%, Kanto Kagaku, Tokyo, Japan), Coomassie Brilliant Blue R-250 (electrophoresis grade, Nacalai Tesque, Inc.), methanol (99%, Kanto Kagaku), and acetic acid (99%, Kanto Kagaku) were used for electrophoresis. Ammonium bicarbonate (Kanto Kagaku), dithiothreitol (Sigma-Aldrich, Tokyo, Japan), iodoacetamide (Kanto Kagaku), and trypsin (from bovine pancreases, Sigma-Aldrich Co., St. Louis, MO) were used for tryptic digestion.
Tryptic digestion procedure
Native PAGE was performed according to a method of Laemmli 21 in slab gels (10% gel) under non-reducing and non-denaturing conditions. After preparing of 36.4 μmol L -1 HSA, 20 μL of a sample (50 μg lane -1 ) was applied to a lane. After electrophoresis, the tryptic digestion was performed following the commonly used procedure with slight modification. 22 The proteins in the gel were stained for 30 min with 0.1% Coomassie Brilliant Blue R-250 in 10% acetic acid and 30% methanol, and then the gel was destained in 10% acetic acid and 30% methanol. Gel bands containing albumin were excised from the gel, cut into pieces, and decolored with 50% acetonitrile and 25 mmol L -1 ammonium bicarbonate (AB). The decolored sample was reduced with 10 mmol L -1 dithiothreitol and 25 mmol L -1 AB at 56 C for 1 h, and then alkylated with 55 mmol L -1 iodoacetamide and 25 mmol L -1 AB at room temperature for 45 min in a test tube. When the reduction and alkylation processes were finished, the excess solvent was removed, and the gel was carefully washed with 25 mmol L -1 AB. After that, 10 μg mL -1 trypsin and 25 mmol L -1 AB were added to the sample, which was then kept on ice for 30 min. Excess trypsin was then removed, and the sample was washed with 25 mmol L -1 AB, and finally heated at 37 C overnight. The trypsin-digested sample was extracted with 50% aqueous acetonitrile containing 5% trifluoroacetic acid (TFA) with shaking for 30 min. This procedure was repeated twice. The extract was then lyophilized and stored at -20 C until analysis.
Nano HPLC-ICPMS
A systematic diagram of the nano HPLC-ICPMS system is shown in Fig. 1 . The capillary liquid chromatographic system used consisted of a degasser (DG661, GL Sciences Inc., Tokyo, Japan), a capillary pump (MP710i, GL Sciences Inc.), and a sample injector (sample volume: 2.0 μL; Model C4-1344, Valco Instruments Co., Houston, TX) for introducing the sample and a make-up solution. A 2-μL aliquot was injected into the preconcentration cartridge (C18 PepMap 100, 300 μm i.d. × 5 mm, Nippon Dionex K.K., Osaka, Japan) at a flow rate of 20 μL min -1 with 0.05% TFA in ultrapure water, for sample desalting and matrix elimination. The preconcentrated sample was eluted over a stepwise gradient, which is described later, by the nano HPLC pump (Nippon Dionex K.K.) and introduced into the next separation column.
The chromatographic separations were performed on a reverse-phase capillary column (C18 PepMap 100, 75 μm i.d. × 15 cm, 100 Å, Nippon Dionex K.K.) at a flow rate of 300 nL min -1 . The mobile phases A and B were 0.05% TFA in 5% acetonitrile in water and 0.05% TFA in 95% acetonitrile, respectively. S-containing peptides were separated on the nano HPLC column by a stepwise gradient: 0 -4 min 5% B isocratic, 4 -35 min 5 -55% B linear, 35 -45 min 95% B isocratic conditions were used for the peptide standards; 0 -5 min 5% B isocratic, 5 -35 min 5 -22% B linear, 35 -40 min 22 -55% B linear, 40 -47 min 95% B isocratic conditions were used for the trypsin-digested samples.
Element measurements were performed on an ICPMS instrument (HP7500ce, Agilent, Tokyo, Japan) equipped with a total consumption nebulizer (CETAC CEI-100, Omaha, NE). Eluate of the nano HPLC was introduced to the ICPMS after the addition of ultrapure water by using a capillary pump at a flow rate of 5.7 μL min -1 .
Evaluation of the tryptic digestion efficiency
A gel band of HSA separated in another lane was used for acid digestion. The decolored band was obtained as described above and digested in a microwave oven (MLS-1200 MEGA, Milestone General K.K., Kanagawa, Japan) after adding 400 μL of nitric acid and 200 μL of hydrogen peroxide. The aciddigested sample was diluted to 1000 μL with ultrapure water. A 2-μL aliquot was introduced to the ICPMS at a flow rate of 6 μL min -1 by using the capillary liquid chromatographic system described above. The total S concentrations in the acidand trypsin-digested samples were then analyzed.
Results and Discussion
Optimization of the octapole reaction gas flow
To optimize the O2 and Xe flows, we introduced a solution containing 20 μg L -1 Ba and 500 μg L -1 S to the ICPMS by using a capillary pump at a flow rate of 6.0 μL min -1 for the Xe and O2 gas modes. For optimizing the O2 flow, we monitored the oxide ion generation rate as the Ba ratio in accordance with the change in the O2 flow. The optimum O2 gas-flow rate was 0.38 mL min -1 because the maximum oxidized ion generation rate (12%) was obtained under this condition. Thus, the intensities at m/z = 48 showed the maximum counts (1.2 × 10 4 cps), and the doubly charged ion generation rate (as 69/138) was less than 20%. Under this condition, the detection limit (3σ, 3 replicates) for S as 32 S 16 O was 0.7 μg L -1 in the chromatographic system. Taking into account the sample volume of 2 μL, this corresponds to an absolute detection limit of 1.4 pg (43 fmol).
When Xe was introduced to the ORC at a flow rate of 0.12 to 0.13 mL min -1 , the 34 S/ 32 S isotope ratio (4.5 ± 0.2) agreed with the theoretical isotope ratio (4.43). Therefore, these conditions were adequate for S determination. The detection limit (3σ, 3 replicates) was 10.9 μg L -1 for 32 S. The detection limit for S under the Xe gas mode was 10-times that under the O2 gas mode.
Hyphenation of nano HPLC and ICPMS
A previous study reported that the S intensity decreased linearly with increasing acetonitrile concentration, and was at background levels for 100% acetonitrile under conditions in which Xe was introduced to the reaction cell. 19 Therefore, we checked the influence of acetonitrile on the ion intensities. We used 100 μg L -1 S-containing standards for the O2 gas mode. When we used a make-up solution, the eluate from the nano HPLC was 20-times diluted, and the final fluctuations of the 32 S and 32 S 16 O intensities were within ±3%, regardless of the acetonitrile concentration in the nano HPLC eluent. This shows the advantage of using a make-up solution. Figure 2 shows nano HPLC-UV-ICPMS chromatograms of the standard peptides. Nano HPLC-ESI-MS/MS coupling is one of the principal techniques in today's proteomics that use nano columns because the concentration in the eluent depends on the section area of the column. Giusti et al. 23 developed a sheathless nano-nebulizer for ICPMS to analyze elements by parallel nano HPLC-ICPMS and nano HPLC-ESI-MS/MS. Compared with ESI-MS, which is a concentration-dependent detection method, ICPMS is a mass-dependent detection method. Therefore, the development of a nano-nebulizer that works at sample uptake rates of less than 500 nL min -1 is considered to be unnecessary if samples can be introduced to ICPMS while maintaining chromatogram separation after the addition of a make-up solution. Even if a make-up solution was added, the peak widths under the O2 gas mode did not change compared with the UV chromatograms (within 5%; compare Fig. 2a with 2b) . On the other hand, the peak width under the Xe gas mode became 1.2 to 1.3-times as wide as that of the UV chromatogram, suggesting that S ions were diffused by the Xe in the ORC. The atomic weight of Xe is about 4-times that of S; therefore, the diffusion effect by Xe would also be bigger than that by O2.
In this study, the S detection limits as 32 S 16 O under O2 gas mode for vasopressin, oxytocin, and amyloid β were 1.0, 1.2, and 1.7 μg L -1 , respectively. The detection limits of S under the Xe gas mode for vasopressin, oxytocin, and amyloid β were 31, 20, and 63 μg L -1 , respectively. The 32 S 16 O detection limit was similar to the detection limits obtained by using other hyphenated ICPMS techniques for S detection. 24, 25 Also, the detection limit of 32 S under the Xe gas mode was also similar to previously reported values. 12, 19 Taking into account the sample volume of 2.0 μL, in ICPMS under O2 gas mode the absolute detection limits for vasopressin, oxytocin, and amyloid β were 65, 77, and 110 fmol, respectively. Under the Xe gas mode, the absolute detection limits for vasopressin, oxytocin, and amyloid β were 2000, 1300, and 4000 fmol, respectively. The S detection limit as a concentration in this study was similar to, or slightly higher than, that reported in previous papers, but a lower absolute detection limit of S was achieved by the hyphenation of nano HPLC and ICPMS. [18] [19] [20] 25, 26 To quantify peptides by using nano HPLC-ICPMS, standard solutions containing 100, 200, 500, and 1000 μg S L -1 of S were prepared from ammonium sulfate and used in an external standard method to determine the S concentration of the peptide by means of flow-injection analysis with a 2-μL sample loop. The S concentration of each peptide was measured with relatively good accuracy (within 1.0%) and precision (<5.0% RSD) under the O2 gas modes (Table 1 ). This result indicates that a peptide could be quantified by determining its S concentration by using ICPMS.
Assignment of S atom composition by use of nano HPLC-ICPMS and peptide quantification
Albumin is a protein that is synthesized in hepatic parenchymal cells, and accounts for 55% of blood serum protein. 27 The molecular weight of albumin is 66 kDa; 585 amino acid residues and 41 S atoms are contained in its sequence. Trypsin cleaves exclusively on the C-terminal side of arginine and lysine residues. We thus expected that we could obtain 13 peptides containing 1 S atom, 8 peptides containing 2 S atoms, and 4 peptides containing 3 S atoms. Moreover, 2 peptides with the same amino acid sequence (CCK) containing 2 S atoms were also produced. Therefore, we expected to see a total of 25 peaks containing S atoms (Fig. 3) .
Nano HPLC-UV-ICPMS chromatograms for trypsin-digested standard HSA are shown in Fig. 4 . We eluted 23 peaks as quantifiable peaks. Similar nano HPLC-ICPMS chromatograms were obtained for the other samples, except for peaks 10 and 14 (Fig. S1, Supporting Information) . We compared the nano HPLC-UV-ICPMS chromatograms with predictable information from the amino acid sequence, such as the number of S containing peptide, the number of S atoms of peptide, and the elution sequence of peptide. An ideal analytical strategy to assign the S atom composition in peptides involves parallel analyses of nano HPLC-ICPMS with nano HPLC-ESI-MS/MS. In the case of parallel analysis, proteins were identified by using a few detected peptides. 23, 28, 29 In this study, we did not identify the peptide sequence of each peak, but used quantifiable S peaks as much as possible for further analysis, such as the assignment of the S atom number in each peak from the nano HPLC-ICPMS chromatograms and protein quantification.
A schematic explanation of the algorithm that we used to assign the number of S atoms in the peaks is shown in Fig. 5 . In the case of albumin, the maximum number of S atoms in any one peak is 4 (the same peptide sequences (CCK) is produced after tryptic digestion). Therefore, we assumed that 1, 2, 3, or 4 S atoms could be contained in a peak. Firstly, we assumed that peak n had kn (kn = 1,2,3,4) S atom(s) in its sequence. Under this assumption, the number of S atom(s) (Am/n) in the sequence of the peak m (m ≠ n) could be calculated with the following equation: 
If a km that satisfies Eq. (2) does not exist, the hypothesis that peak m contained km S atom(s) would be false.
After the number of S atoms in each peak was assigned, the peptide concentrations in peak m were calculated using
For example, if peak 1 was assumed to have 1 S atom in its sequence, only peak 7 was assumed to contain 4 S atoms in its sequence (Table S1 , Supporting Information). The peptide concentrations in peaks 1 and 7 were 1.37 and 1.42 μmol L -1 , respectively.
We then calculated the verification score as follows by using Eq. Finally, we compared the verification scores of 92 patterns (23 peaks × 4 patterns for S atoms; see Table 2 ). The hypothesis proves that the maximum verification score is the optimal solution for the assigned number of S atoms. In this case, the maximum verification score was 81.1, when peak 9 was assumed to contain 3 S atoms. Under this hypothesis, the %RSD of the peptide concentration was 7.1%, and 29 S atoms were assigned ( Table 3 ). The peptide concentration was calculated to be 6.66 ± 0.14 μmol L -1 (standard error of the mean, which is the experimental standard deviation divided by the positive square root of the sample size).
Actually, it could not be performed to distinguish peptides with two S atoms from two peptides with one S atom in their sequences. However, the %RSD of peptide concentration in each peak showed relatively good accuracy in other samples. In the case of other samples, the maximum verification scores (75.8 and 79.0) were observed when peak 19 contained 2 S atoms in sample 2 and peak 11 contained 4 S atoms in sample 3, respectively (Table S2 , Supporting Information). Under our hypothesis, 25 and 27 S atoms, respectively, were recovered, and the peptide concentrations were 4.78 ± 0.09 and 6.63 ± 0.10 μmol L -1 , respectively (Tables S3 and S4 , Supporting Information).
Tryptic digestion efficiency and protein quantification
The tryptic digestion efficiency was calculated as the ratio of the total amount of S in the trypsin-digested sample to the total amount of S in the bands. The average amount of S in the albumin band before tryptic digestion was 31.2 ± 4.4 nmol. The total amount of S in the trypsin-digested sample was calculated as the sum of the S concentrations in the monopeptides determined by using nano HPLC-ICPMS. In this case, we distinguished between mono-peptides and polypeptides by calculating the number of S atoms (Am/n). The Am/n values of peak 23 were higher than 4 for all samples (6.09, 6.85, and 6.79, respectively). Therefore, peak 23 was considered to be a polypeptide produced by incomplete tryptic digestion.
Taking into account the total sample volume of 40 μL, the total amounts of S in the trypsin-digested samples were 13.2, 8.9, and 12.3 nmol, respectively, and the tryptic digestion efficiencies were 42.2 ± 5.9, 28.4 ± 4.0, and 39.3 ± 5.5%, respectively (Table 4) .
Taking into account the dilution factor of 2, the protein concentration was calculated as twice the peptide concentration after it was divided by the tryptic digestion efficiency; the analytical results of the protein concentrations were 31.6 ± 4.5, 33.7 ± 4.8, and 33.6 ± 4.7 μmol L -1 , respectively ( Table 4 ). The average concentration and the expanded uncertainty of measurement (combined standard uncertainty divided by the positive square root of n, and multiplied by a coverage factor of 2) were 33.0 and 5.4 μmol L -1 , respectively, and the theoretical value (36.4 μmol L -1 ) was within the range of the expanded uncertainty of measurement.
In the case of the elimination of peaks 10 and 14, which were detected in sample 1, the tryptic digestion efficiency of sample 1 was 40.7%, and the protein concentration was 32.7 ± 4.7, which was close to the theoretical value. We might have overestimated the tryptic digestion efficiency because we could not tell whether the S in the chromatographic peak originated from HSA. If purified trypsin-digested samples were prepared in a less S contaminated environment, we would have been able to obtain a more accurate tryptic digestion efficiency and a more accurate protein quantification. Nevertheless, both the peptide concentration and the tryptic digestion efficiency could be determined by the same detection methodology, i.e. S detection with using ICPMS.
Conclusions
Nano HPLC-ICPMS enabled us to detect and quantify S in peptides. In particular, the introduction of O2 gas into an ORC is useful for determining S in peptides. Even if a make-up solution was added, the peak width of the ICPMS chromatograms did not change. Moreover, using a make-up solution could eliminate any matrix effect due to the introduction of acetonitrile.
Protein quantification was achieved via peptide quantification, after taking into account the tryptic digestion efficiency, by using ICPMS to determine the S amount in the peptides. In other words, we showed that the number of S atoms in a sequence/chromatographic peak could be assigned by calculating verification scores after determining the S concentration by using nano HPLC-ICPMS. The nano HPLC-ICPMS technique thus provides information regarding the S amount of a peptide that can be used to speculate as to the S atom number in a peak/sequence.
This technique could, therefore, support LC-MS(/MS) use in proteomics. 6.66 ± 0.14 4.78 ± 0.09 6.63 ± 0.10 31.6 ± 4.5 33.7 ± 4.8 33.6 ± 4.7 av. 33.0 ± 5.4 a. Tryptic digestion efficiency was calculated as the sum of the S concentration in the mono-peptide divided by total S concentration (31.2 ± 4.4 nmol) in the bands before digestion. b. Average ± standard uncertainly, which was calculated as standard deviation divided by √ -n. c. Protein concentrations were calculated as the peptide concentration divided by tryptic digestion efficiency and multiplied by the dilution factor of 2.
